Optically stimulated luminescence (OSL) dating is increasingly used to estimate the age of fluvial deposits. A significant limitation, however, has been that conventional techniques of sampling and dose rate estimation are suitable only for thick (>60 cm) layers consisting of sand size or finer grains. Application of OSL dating to deposits lacking such layers remains a significant challenge. Alluvial fans along the western front of the Lost River Range in east-central Idaho, USA are one example. Deposits are typically pebble to cobble sheetflood gravels with a sandy matrix but thin to absent sand lenses. As a result, the majority of samples for this project were collected by excavating matrix material from gravelly deposits under light-safe tarps or at night. To examine the contributions of different grain-size fractions to calculated dose-rates, multiple grain-size fractions were analyzed using ICPeMS, high resolution gamma spectrometry and XRF. Dose rates from bulk sediment samples were 0.4e40% (mean of 18%) lower than dose-rate estimates from the sand-size fractions alone, illustrating the importance of representative sampling for dose rate determination. We attribute the difference to the low dose-rate contribution from radio-nuclide poor carbonate pebbles and cobbles that occur disproportionately in clast sizes larger than sand. Where possible, dose rates were based on bulk sediment samples since they integrate the dose-rate contribution from all grain sizes. Equivalent dose distributions showed little evidence for partial bleaching. However, many samples had significant kurtosis and/or overdispersion, possibly due to grain-size related microdosimetry effects, accumulation of pedogenic carbonate or postdepositional sediment mixing. Our OSL age estimates range from 4 to 120 ka, preserve stratigraphic and geomorphic order, and show good agreement with independent ages from tephra correlation and Useries dating of pedogenic carbonate. Furthermore, multiple samples from the same deposit produced ages in good agreement. This study demonstrates that with modified sampling methods and careful consideration of the dose rate, OSL dating can be successfully applied to coarse-grained deposits of climatic and tectonic significance that may be difficult to date by other methods.
Introduction
Fluvial and alluvial deposits contain important archives of past climate and tectonic events, yet commonly lack organic material for radiocarbon dating, and as such are increasingly dated by optically stimulated luminescence (OSL) techniques. OSL dating can have advantages over other Quaternary dating techniques because (1) it uses sand and silt-sized quartz and feldspar grains, which are common in fluvial deposits, (2) it has a dating range of up to w100e 300 ka (Murray and Olley, 2002; Rittenour, 2008) , greatly surpassing the w40 ka limit of radiocarbon dating, and (3) it provides a direct estimate of the timing of deposition, rather than a minimum age as provided by cosmogenic surface exposure dating or uranium-series dating of pedogeneic carbonates (e.g. Gosse and Phillips, 2001; Sharp et al., 2003) . Recent advances in the application of OSL to fluvial deposits (e.g. Wallinga, 2002; Jain et al., 2004; Rittenour, 2008) as well as general methodological advances (e.g. Murray and Wintle, 2000; Duller, 2004 Duller, , 2008 have improved the accuracy and precision of resulting ages.
Incomplete solar resetting of the OSL signal prior to deposition, termed partial bleaching, is a common problem for fluvial deposits because exposure to sunlight can be reduced by the depth and turbidity of the water column. Numerous methods have been developed to detect and correct for partial bleaching, including analysis of coarser grain sizes thought to be better bleached (zeroed) during transport (e.g. Olley et al., 1998; Truelsen and Wallinga, 2003) , single-grain dating (e.g. Duller, 2008) and statistical treatment of D e distributions to exclude portions representing poorly bleached and non-reset grains (e.g. Galbraith et al., 1999) .
Another challenge is the application of OSL dating to gravelly fluvial deposits that lack sand lenses. For example, obtaining age control for depositional sequences within alluvial fans and river terraces can provide valuable insight into climatic and tectonic processes, but often these coarse-grained, clast supported deposits do not favor sand lens preservation. Even without sand lenses the matrix between the coarser clasts often contains sufficient sandsized quartz or feldspar grains suitable for OSL dating. However, obtaining samples and estimating dose rate for deposits with a wide range of grain sizes and lithologies can present challenges. Advancements that overcome these difficulties are important because coarse-grained deposits are common in many diverse geomorphic settings.
Correctly accounting for dose-rate heterogeneity in coarsegrained deposits can be difficult. One approach is the use of in situ gamma spectrometry. However, correct placement of the spectrometer and interpreting the results can be complicated by poor deposit cohesiveness and lack of a clear location for measuring dose rate like the hole created when using sample tubes. The use of dosimeters may also not be feasible due to an inability to return and collect them, limitations on maximum placement time, and difficulty interpreting results for samples that were excavated over a larger area than a traditional sample collected in a sample tube. Methods which employ laboratory analysis of the sediment surrounding the OSL sample have similar problems with collecting and analyzing representative samples from pebble to cobble gravels. Regardless of how dose-rate is measured, these techniques cannot detect grain-to-grain variability in microdosimetry that can occur in settings with heterogeneous grain sizes and mineralogies.
Sediment for equivalent dose (D e ) estimate is most often collected by pounding a metal tube into a sand lens then removing it to retain an intact core of light-protected material. If the deposit is too compacted or cemented for a metal tube, it may be possible to remove a block of cohesive sediment and use the inner, lightprotected sediment for D e estimation. For dose-rate calculation a sample is collected from sediment within a w30 cm radius around the sample tube or block. Ideally, samples are collected from sand lenses >60 cm thick and wide where it is reasonable to assume a homogenous beta dose-rate environment. Coarse-grained fluvial environments often lack thick sand lenses, if present at all, and are often not cohesive enough to allow removal of a block of sediment. In these cases, a modified sampling strategy is required, such as collection of bulk sediment samples at night or under light-proof tarps (e.g. Rizza et al., 2011) .
The large alluvial fans of the Lost River Range (LRR) in eastcentral Idaho, USA are predominantly composed of gravelly sheetflood deposits that lack sand lenses. The ages of deposits such as these are of interest in the geomorphic community because they can provide insight into drivers of hillslope sediment production and geomorphic response. This paper describes the application of OSL dating to the coarse-grained deposits of LRR alluvial fans and discusses the influence of different grain-size fractions on dose-rate estimates. OSL age estimates are also compared with results from U-series dating of pedogenic carbonates from the same fan surfaces. The primary goal of this study is to determine the appropriate methods for collecting and analyzing OSL samples from fluvial or alluvial deposits with mixed grain sizes. In particular, we (1) investigate heterogeneity in the dose-rate contribution of different grain-size fractions, (2) examine potential sources of skewness, kurtosis, or overdispersion in equivalent dose distributions for samples from coarse-grained deposits, (3) compare resulting OSL ages for timing of sediment deposition with U-series ages for timing of surface stabilization, and (4) assess the reliability of age estimates using independent ages and stratigraphic relationships.
Regional setting
The LRR lies within the northeastern extent of the Basin and Range Province of the western USA in east-central Idaho (Fig. 1) . Relief of the LRR has resulted from movement along the Lost River Fault, a west-dipping normal fault that bounds the western flank of the mountain range. Bedrock is primarily Precambrian and Paleozoic limestones and quartzarenites (Haller and Crone, 2004; Skipp and Hait, 1977) .
The western front of the LRR is characterized by numerous lowgradient (w2e4 ), large-radius (w2e6 km) alluvial fans ( Fig. 2) . Under modern conditions fans are largely inactive because contributing basins produce only low-volume, intermittent discharges. This drives minor incision of fan surfaces or deposition at fan heads by small debris flows (Patterson, 2006) . Thus, the ages of these fans are of interest because past climatic conditions promoted significant removal of material from contributing basins and deposition on the alluvial fans.
Surface morphology and stratigraphy suggest that the fans have developed in a stacked rather than telescoping nature. Underlying deposit characteristics suggest that fluvial transport and sorting from sheetfloods have been the dominant transport processes (Pierce and Scott, 1982; Patterson, 2006) . This has produced deposits composed of clast-supported gravels with planar to subhorizontal bedding and low percentages of silt and clay (Funk, 1976; Pierce and Scott, 1982; Pierce and Colman, 1986; Patterson, 2006) . Alternating coarse to fine couplets characteristic of sheetfloods (Blair and McPherson, 1994) are common. Sand lenses >20 cm in thickness are rare within the broad deposits that represent the main episodes of aggradation on LRR fans and are most often found within the less extensive, younger inset deposits.
Loess deposits cap most fan surfaces and are generally thicker (>1 m) on older surfaces and on fans in the southern portion of the basin. Pedogenic processes within the loess and upper fan gravels have produced weakly developed soils (Bw and Bt horizons) with the exception of significant pedogenic carbonate accumulation (stages IeIIIþ; Giles et al., 1966; Machette, 1985; Birkeland et al., 1991) on Pleistocene-age surfaces at depths of approximately 0.15e1.15 m.
Previous ages for LRR fans provide estimates for the timing of surface stabilization and abandonment, rather than deposition, and have large uncertainties. Pierce and Scott (1982) hypothesized that significant aggradation of LRR fans occurred during the latest Pleistocene or Pinedale glaciation (Late Wisconsin, OIS 2) based on the thickness of pedogenic carbonate pendants (coats) developed on the undersides of clasts within Bk horizons of soils and the relative positions of fan surfaces to glacial deposits. Limited U-series dating of pedogenic carbonate coats produced minimum ages for surface abandonment of w160, w30, and w23 ka in the southern portion of the LRR (Scott et al., 1985; Pierce, 1985) . Patterson (2006) obtained similar ages (w10e60 ka) for major fan surfaces throughout the LRR basin using the pedogenic carbonate growth-rate estimates developed by Pierce (1985) .
OSL methods

Sample collection and preparation
Five large, low-gradient alluvial fans on the western side of the LRR were selected for study ( Fig. 1) . Major geomorphic depositional surfaces on each fan were mapped (Qaf 1 eQaf 4 ) and targeted for optical dating (Fig. 2) . Underlying alluvial fills were similarly named (Qa 1 eQa 4 ) based on their association with periods of aggradation, largely based on their position under geomorphic fan surfaces, although this is not the case everywhere (see Section 6.4). Where it was possible, samples were collected from natural exposures and abandoned gravel pits (n ¼ 16). Samples were also collected from trenches dug in locations that ensured sampling of all major fansurface deposits (n ¼ 18).
Of the 34 samples collected, only four were collected from sand lenses >60 cm in thickness by the traditional technique of pounding an opaque metal tube into the sediment. Moreover, two of these four were collected from terraces of the East Fork Big Lost River rather than the alluvial fans. Two other samples were collected using traditional techniques involving pounding a tube into thin sand lenses (<20 cm thick). Three samples were collected from thin sand lenses (<20 cm) that were too discontinuous and friable for sampling with a tube. These samples were collected at night with the aid of red headlamps by first removing the outer 3e 4 cm of light-exposed sediment then excavating the remaining sand into a light-safe container.
The remaining 25 samples were collected from coarse-grained sheetflood gravels that lacked sand lenses but contained sand and silt within the matrix between pebble and cobble clasts. Sandier portions of sheetflood deposits were targeted and samples were collected either under light-safe tarps or at night to protect the sediment from light exposure. Red headlamps provided ambient light and aided sample collection but were never shone directly on the sampled sediment. The outer w3e5 cm of light-exposed sediment was removed prior to sampling. Loose material was also removed from a large area above the sample horizon to prevent contamination by light-exposed grains falling from above. Sediment for dating was then excavated from the deposit with a small trowel, sieved to keep light-shielded sample volume down, and the <2 mm portion retained in light-safe containers. The sample area was kept as small as possible to minimize mixing deposits with different age or dose rate. Sample areas were on average approximately 30 cm wide, 15 cm high, and 15 cm deep but the size and shape varied as dictated by the geometry of beds with high sand content and the location of large, immobile clasts. All sediments were sent to the Utah State University Luminescence Laboratory in Logan, Utah, USA for preparation and analysis under amber safelights. Sample preparation included wet-sieving to isolate the quartz-bearing 75e150 mm grain-size fraction, treatment with hydrochloric acid and heavy liquid separation (2.7 g/ cm 3 ). Samples were then submitted to three 30-min treatments in concentrated hydrofluoric acid followed by a wash in concentrated hydrochloric acid. A final dry-sieve removed partially dissolved feldspars and quartz grains < 63 mm. The purity of the quartz sand was checked for each aliquot and aliquots containing feldspar, as indicated by a luminescence response to infrared stimulation (IRSL signal > 2 times background), were not included in age calculations.
Dose-rate sampling and measurement
When sampling thick (>60 cm) sand lenses, sediment for the dose rate estimate was collected from an approximately 30 cm diameter around the sample tube (n ¼ 4). Representative samples from this sediment were obtained from homogenized splits and U, Th, K, and Rb concentrations of pulverized sediment were measured by ICPeMS and ICPeAES at ALS Chemex Labs, Elko, NV, USA.
For coarse-grained sheetflood deposits, the dose-rate samples were collected from the excavated area. All grain sizes were retained with the exception of a few large clasts that could not be removed. However, in a few samples collected during the first year of the three-year project (n ¼ 11), the bulk sediment surrounding the sample horizon was not retained and the dose rate was analyzed from the sand-sized fraction (<2 mm) collected for OSL dating. Initially, bulk samples were not collected due to practical constrains related to the remote nature of the field sites and the difficulty of removing large boulders and cobbles. Part of the focus of this paper is to determine the influence of the grain size on dose rate and the accuracy of the age estimates from these samples in comparison to other samples collected as part of this study.
The dose-rate contribution of different grain-size fractions was investigated by analyzing the concentration of radiogenic nuclides in four different grain-size fractions; the <2 mm fraction and 0.15e 2.0 mm fraction (in sum referred to as the sand fraction), 1e5 cm fraction (pebbles) and all grain sizes present at the sample site in their correct proportions (referred to as a bulk sample). ICPeMS and ICPeAES were used to measure U, Th, K, and Rb concentrations of homogenized bulk samples following crushing. Concentrations of U, Th, and K in the bulk samples were also determined by geranium semiconductor gamma spectrometry and K concentrations analyzed with XRF at the USGS Luminescence Dating Laboratory in Denver, Colorado. Concentrations obtained with gamma spectrometry are based on at least eight separate measurements per sample with samples shaken between each measurement to account for the potential influence of the geometric arrangement of the sediment. Error calculations for elemental concentrations include standard deviation on repeat analyses and follow Goble et al. (2004) with errors assumed to approach 100% as lower ICPeMS detection limits are approached for each element. An additional 25% uncertainty was added to dose-rate calculations from samples where bulk sediment samples were not available (see Section 5.3 for discussion). Moisture content used to calculate dose rate was based on the measured in situ water content and modeled to include wetter conditions during the late Pleistocene. Moisture content of the deposits was assumed to be 3 AE 3% during the Holocene (or in situ values if >3%), and 8 AE 8% during the late Pleistocene, with 10 ka used as the boundary between the two time periods. For samples of late-Pleistocene age, the dose rate was calculated by multiplying the dose rate calculated for Holocene water content and the dose rate calculated for late Pleistocene water content by the fraction of time the sample is assumed to have experienced each condition. As age is affected by using different moisture contents, the final dose rate was calculated in an iterative fashion. Total dose rates were calculated based on cosmic contribution, concentration of radiogenic nuclides, and moisture content of the sediment (Table 1) (Adamiec and Aitken, 1998; Aitken, 1998; Brennan, 2003) . The contribution of cosmic radiation to the dose rate was calculated using sample depth, elevation, and location (latitude and longitude) following Prescott and Hutton (1994) , assuming a 10% error. Elemental abundances of U, Th, K and Rb were converted to a dose rate following Guérin et al. (2011) , assuming an additional 3% error for the conversion of chemical data to dose rate (Murray and Olley, 2002) . Finally, errors were calculated in quadrature, using the methods of Aitken and Alldred (1972) and Aitken (1976 Aitken ( , 1985 .
Equivalent-dose measurements
Optical parameters
Optical measurements were performed on Risø OSL/TL DA-20 luminescence readers equipped with Sr 90 beta radiation sources (0.13e0.16 Gy/sec dose rates). The purified quartz sand was mounted in a 2-mm diameter region (w100 grains per aliquot) on stainless steel disks with a silicone-based spray. Quartz grains were stimulated at 125 C for 40 s with blueegreen LEDs (470 nm) at 90% power (36 mW/cm 2 ). Photon detection was measured through a 7.5 mm U340 filter. The luminescence signal was calculated as the first 0.64 s of the resulting decay curve minus the background, which was averaged over the last 5 s. Examples of decay curves for five samples are shown in Fig. S1a . Fast ratio values (Durcan and Duller, 2011) indicate that the luminescence signals are dominated by the fast component.
OSL measurements
The single-aliquot regenerative-dose (SAR) method of Murray and Wintle (2000) was used to determine equivalent doses. In the SAR sequence, the natural luminescence signal was measured as well as the luminescence response to five regenerative doses, which included a repeated-dose and a zero-dose step. Dosee response data were fit with saturating exponential or saturating exponential plus linear curves ( Fig. S1b ).
As part of the SAR sequence, samples were subject to a 10 s preheat (PH) before measurement of the natural or regenerated luminescence. To investigate the influence of the measured D e on PH temperature, dose-recovery and PH plateau tests were conducted. Three samples from fans (USU-251 from Upper Cedar Creek, USU-305 from Ramshorn, USU-645 from Birch Springs) and one from a terrace of the East Fork Big Lost River (USU-651) were selected for PH plateau and dose-recovery testing. These samples were selected to represent the possible variability in source-area lithology and ages of deposits and are assumed to be representative of the variability in luminescence response to PH temperatures. For the PH plateau test, 30e35 pristine aliquots of each sample were bleached at room temperature for 40 s at 90% blueegreen LED power (36 mW/cm 2 ), followed by a 1000 s pause. This bleaching and pause was repeated a second time to ensure zeroing of the sample and equilibration of charge transfer prior to the next measurement. Aliquots were then given a beta dose similar to their natural dose and analyzed with PH temperatures ranging from 180 to 300 C (held for 10 s) at 20 C increments (5 aliquots per treatment step). For these measurements, cut-heat temperatures of 160 C (held for 0 s) were used following 10e15 Gy test doses and optical measurements were at 125 C at 36 mW/cm 2 LED power. Natural D e doses were not used for the PH plateau test due to the large inter-aliquot variability in D e values for many samples, which would obscure dependence on PH temperature. Dose-recovery tests followed similar procedures as the PH plateau tests and were performed using the most appropriate PH temperature identified in the PH plateau test.
Bleaching test
A bleaching test was conducted to aid in determining instrument and sediment-specific sources of variability and overdispersion in D e distributions. Pristine small aliquots of sample USU-250 were divided into ten subsets and exposed to direct sunlight for a range of times (0e960 s, 4e5 aliquots per exposure time). Aliquots were then given a 30 Gy dose to aid in the measurement of the low residual natural dose. The apparent D e values were then measured using the same preheat and cutheat temperatures as used for dating LRR sediment. The 30 Gy additive dose was removed to allow for the calculation of the residual dose remaining following sunlight exposure.
Calculation of ages and errors
OSL ages for each sample were calculated using the central age model (CAM; Galbraith et al., 1999 ) from a minimum of 21 small aliquots of quartz sand (w100 grains) that passed rejection criteria. Aliquots with recycling ratios or recuperation values >10%, a low signal to background noise ratio (<3:1), feldspar contamination (infrared stimulation response), and a natural D e value greater than the highest given regenerative dose were rejected and not included in age analysis. D e uncertainty was calculated at two-sigma standard error. Uncertainty in age estimates includes systematic and random errors from beta-source calibration, dose-rate estimation, and optical measurement errors according to the methods of Aitken and Alldred (1972) and Aitken (1976 Aitken ( , 1985 and is presented as twosigma standard error (Table 2) .
U-series methods
Pebbles with coatings were cut, polished, and examined under low-power magnification to select samples from CaCO 3 coatings that exhibited dark-colored, distinct laminae. Selected CaCO 3 coat horizons were removed either by trenching around the desired area using a millimeter-diameter dental drill, or (for very thin rinds) by abrading the outer rind surface, chipping the rind from its clast, and abrading the inner rind surface.
Samples were dissolved completely in HNO 3 eHFeHClO, equilibrated with a mixed spike containing 229 Th, 233 U, and 236 U. U and Th were separated using two stages of HNO 3 eHCl anion exchange chemistry. Purified U and Th fractions were loaded with colloidal graphite onto outgassed rhenium filaments and analyzed on a Micromass Sector-54 TIMS equipped with a wide-angle, retardingpotential energy filter and Daly-type ion counter. Mass discrimination for U was corrected using the known 233 U/ 236 U ratio of the spike, whereas thorium ratios were uncorrected. The UeTh spike was calibrated against solutions of HU-1 (Harwell uraninite) standard and solutions of 69 Ma uranium ore from the Schwartzwalder Mine that have been demonstrated to yield concordant U/Pb ages (Ludwig et al., 1985) and sample-to-sample agreement of 234 U/ 238 U and 230 Th/ 238 U ratios. Procedural backgrounds for m/e ¼ 230 averaged <0.15 fg 230 Th equivalent and were negligible for 238 U and 232 Th. Ages were determined using the decay constants of Cheng et al. (2000) . Ages and errors were calculated using Isoplot (Ludwig, 2003) . Uncertainties associated with the detritus correction are propagated into the errors on age estimates. 
OSL characteristics
Dose-recovery preheat-plateau tests
Based on the results from the pre-heat plateau tests ( Fig. S2 ), 240 C was selected as the most appropriate pre-heat temperature for LRR samples. Mean recovered doses for each sample were acceptable for a PH temperature of 240 C for 10 s, ranging from 93 to 107% of the given dose ( Fig. S2a ). Recycling ratios (based on the same regenerative dose given at the beginning and end of the SAR sequence) showed little dependence on temperature ( Fig. S2b ), suggesting that corrections for sensitivity changes were appropriate. In addition, recuperation values (determined through administration of a zero dose) were low, w2e7% of the given dose, with a 240 C pre-heat ( Fig. S2c) .
In dose-recovery tests, mean recovered doses for the three alluvial fan samples (USU-251, USU-305, and USU-645) were within 10% of unity ( Fig. S2d ), suggesting that use of the 240 C pre-heat in the SAR protocol is indeed suitable for LRR samples. Overdispersion (OD) in the D e distributions for these dose-recovery tests at 240 C ranged from 5 to 14% (Fig. S2d ). Recovered doses showed greater variation for USU-651, the river terrace sample, ranging from 75 to 159% of the given dose for individual aliquots (mean of 103 AE 27%). This increased variability may reflect the different lithology of the terrace sediments as the East Fork Big Lost River drains the Pioneer Mountains to the east. However, only two of 34 total samples were collected from the East Fork Big Lost River.
Bleaching experiment
Results from the bleaching test conducted on sample USU-250 show that, as expected, the measured OSL signal decreased with increased sunlight exposure time ( Fig. 3a) , with approximately 78% of the natural dose (132 AE 11 Gy) removed (bleached) after 2 s of exposure, 93% after 15 s, and 100% after 120 s of exposure. Two D e distributions were constructed from these results; one for partially bleached aliquots (<60 s exposure) and another for the wellbleached aliquots (>60 s exposure). Resulting D e distributions ( Fig. 3b and c) were checked for significant positive skew (following Arnold et al., 2007) which can indicate partial bleaching (e.g. Olley et al., 1998 Olley et al., , 1999 Lepper and McKeever, 2002) . Skewness for only well-bleached aliquots (1.20) was not significant while skewness for all aliquots (2.27) was significantly positive. The overdispersion (OD) and kurtosis of each distribution were also calculated because distributions broader than expected can result from sources of error other than partial bleaching (e.g. Kalchgruber et al., 2003) . OD and kurtosis (7.1% and 1.98, respectively) for the well bleached aliquots were not significant. However, OD and kurtosis (32.6% and 5.95, respectively) were both significant for the D e distribution when aliquots contained a range of bleaching exposures.
Results from what were considered to be well-bleached aliquots (>60 s sunlight exposure) were used to inform the minimum possible OD values attainable for these sediments (7.1% OD) and are similar to OD values obtained in the dose-recovery tests (4.9e13.8% OD). This range in OD values suggests the minimum possible OD obtainable due to instrument error and sample-specific properties. Based on the results of the artificially partially bleached distribution, we have used OD > 30% and significant positive skew (following Arnold et al., 2007) as an indicator of partial bleaching in these sediments.
Influence of grain-size fraction on dose rate
The influence of the contribution of different grain-sizes to the dose rate was investigated. Results indicate that the sand-sized fractions (<2 mm and 0.15e2 mm) produced the highest calculated dose rates (Fig. 4) . The pebble-size fraction generally produced the lowest dose rates (Figs. 4 and 5), likely because they were predominantly composed of low-dose carbonate lithologies. Doserates derived from bulk samples were generally intermediate between those derived from the sand and pebble-sized fractions due to inclusion of both grain-size fractions (Fig. 4) . For bulk samples, results from ICPeMS/ICPeAES analysis of pulverized material and gamma spectrometry of intact bulk samples are not substantially or systematically different (Fig. 4) .
The dependence of dose rate on the grain-size fraction analyzed likely results from slight differences in the lithology between the coarse (>2 mm) and fine (<2 mm) fractions. The majority of >2 mm grains in the fan deposits are composed of carbonate lithologies, Fig. 4 . Dependence of dose rate on grain-size fraction analyzed for six samples. All samples except USU-644 are from sheetflood deposits sampled at night or under tarps; USU-644 was collected from a thin sand lens at night. Sample numbers are followed by the difference in estimated dose rate between the average of bulk sediment measurements and the average of <2 mm fraction measurements. which produced lower dose rates due to lower concentrations of K, U, and Th as seen in our analysis (rocks/pebbles in Fig. 4 ). While the <2 mm fraction is also predominately carbonate as determined by visual identification and reaction to HCl, slight differences in lithology for this fraction likely produce the increased K, U, Th, and Rb concentrations and thus increased dose rate contribution. Lithological differences may be partially attributable to the incorporation of loess into the <2 mm fraction during deposition, as loess deposits mantle alluvial surfaces throughout the basin (Patterson, 2006; Pierce and Scott, 1982) . Concentration of heavy minerals during sediment transport along with concentration of minerals more resistant to weathering may also lead to the differences in lithology of the <2 mm fraction. Increased K, U, Th and Rb concentrations in the fine fraction result in a greater dose rate contribution per volume from the fine sediment in comparison to the low dose rate carbonate pebbles and cobbles within the deposit.
While fluvial deposits are not typically homogenous, coarsegrained deposits can introduce additional heterogeneity in the beta dose-rate environment. For example, Hülle et al. (2009) encountered problems in how to best determine dose rates for heterogeneous sediment, even when in situ measurements were used. In addition, Nathan et al. (2003) showed that variability in grain-size and sediment composition could lead to significant heterogeneity in the portion of the dose derived from beta radiation, and suggest that careful consideration is required in determining what portions of the sediment to include for analysis. For LRR samples, we used the dose rate values obtained from bulk sediment in the OSL age calculation for samples where bulk doserate samples were obtained (Table 1) . While the <2 mm fraction likely provides the majority of the dose in the LRR deposits, use of only this fraction to estimate dose rate would neglect dilution of the overall dose by the >2 mm fraction that makes up the majority of deposit volume. For locations where a bulk dose-rate sample was not collected the dose rate used in age calculations is based on an average of measurements of the <2 mm fraction and the 125e 2000 mm fraction with an additional 25% uncertainty added to the dose rate error to account for observed differences between the <2 mm and bulk sediment analyzed in other samples. The accuracy of these ages is discussed in Sections 6.2 and 6.3 in relationship to other OSL ages and external age control. Uncertainties in dose-rate estimation lead to increased uncertainty in the resulting luminescence age. Luminescence ages are calculated by dividing the D e by the dose rate. As a result, dose rate overestimates produce age underestimates while dose rate underestimates produce age overestimates. For the LRR, this indicates that resulting age estimates will be sensitive to the grain sizes included in dose rate estimation. Ages calculated from dose rates based only on sand fractions (Table 1) will likely underestimate true ages because this grain-size yields a higher dose rate than the bulk deposit ( Figs. 4 and 5) .
Equivalent dose distributions
The D e distributions from LRR fan samples were investigated for evidence of partial bleaching and dose-rate heterogeneity. Fig. 6 shows five examples of D e distributions represented as histograms, cumulative probability distributions and radial plots. Examples were chosen to represent results from both traditional samples collected from thick sand lenses and samples excavated from coarse-grained sheetflood deposits as well as a range of resulting age estimates. In addition, various statistical metrics (mean:median ratio, skew, kurtosis and overdispersion) for D e distributions are shown in Fig. 6 and presented in Table 2 .
To help detect partial bleaching, small aliquots of sand (w100 grains) were analyzed to decrease averaging effects from grains with different bleaching histories and increase the chance of identifying grains zeroed at deposition (Olley et al., 1998 Wallinga, 2002) . Resulting D e distributions were checked for OD > 30% and significant positive skew caused by the presence of grains with residual signal (e.g. Olley et al., 1998 Olley et al., , 1999 Lepper and McKeever, 2002) . None of the traditionally collected samples were significantly skewed, but four samples excavated from sheetflood deposits had significant positive skew (USU-647, USU-704, USU-649; Table 2 and Fig. 6 ). Analysis of D e (t) plots was also used to check for partial bleaching (Bailey et al., 2003) and evidence of unstable intermediate components . Poorly bleached grains are thought to retain more residual signal in the less light sensitive medium and slowly decaying components, producing greater D e estimates if later portions of the signal decay curve are integrated. Alternately, falling D e (t) plots may suggest the presence of unstable components (e.g. Jain et al., 2003) .
Representative D e (t) analysis results from two samples, one from sheetflood gravels and with high positive skew (USU-652) and one sample traditionally collected from a sand lens (USU-421) are shown in Fig. S3 . D e (t) results for natural and regenerative doses for these and other samples are similar for all portions of the decay curve and do not show significant increase with integration time as would be expected for poorly bleached samples. However, it should be noted that other studies suggest that this may not be a good indicator of partial bleaching as the stability of the medium component can influence results (Wallinga, 2002; Jain et al., 2003) . D e scatter not attributable to partial bleaching or instrument error, such as sediment mixing after deposition or heterogeneity in the dose rate, may be indicated by D e distributions that are broader than expected for a normal distribution (e.g. Kalchgruber et al., 2003) . Significant negative kurtosis (at the 1s level) and overdispersion (OD) values greater than a critical value were interpreted as indicators of additional sources of D e scatter. Overdispersion values up to 20% have been observed for wellbleached samples (e.g. Roberts et al., 1998; Jacobs et al., 2003a Jacobs et al., ,b, 2006 Olley et al., 2004a,b; Galbraith et al., 2005) . Results from the dose-recovery test suggest that OD values up to 14% may be intrinsic to LRR sediment and instrument error. Bleaching test results for sample USU-250 ( Fig. 3) suggest that 30% OD is an appropriate critical value for identifying significant D e scatter due to partial bleaching, dose-rate heterogeneity or other factors such as post-depositional mixing. Inclusion of only the well-bleached aliquots from the test (>60 s sunlight exposure) produced a D e distribution with non-significant OD of 7.1%. Generation of an artificial partially-bleached distribution by including all aliquots (1e960 s sunlight exposure) produced a D e distribution with significant OD of 32.6% and positive skew.
In order to examine the cause of D e scatter, the OD, skew and kurtosis of the resultant D e distributions were examined. While four of the 34 total samples had significant positive skew (11.7%), seven of the samples (20.5%) displayed significant negative kurtosis at the 1s level (following Arnold et al., 2007) , and only two samples had OD > 30%. None of the samples had significant skew, kurtosis and OD > 30% together. While significant positive skew can be attributed to partial bleaching, significant kurtosis and high OD may also be attributed to post-deposition mixing and dose-rate heterogeneity.
The greatest source of the significant negative kurtosis and high OD observed for many of the LRR samples is likely due to variability in microdosimetry. Partial bleaching is not interpreted to be a significant source of D e scatter because few samples have significant positive skew. Post-deposition mixing is also not likely a significant source of D e scatter (kurtosis or OD) as care was taken to collect samples from >1 m depth in undisturbed coarse-grained deposits (except for USU-419 which was collected from a soil underlying a tephra deposit). Numerous studies using small or single-grain aliquots have suggested that heterogeneity in the dose contribution of the sediment, particularly in the beta dose, can produce variability in measured D e values (e.g. Olley et al., 1997; Murray and Roberts, 1997; Kalchgruber et al., 2003; Nathan et al., 2003; Vandenberghe et al., 2003; Mayya et al., 2006) .
The small number of samples collected from sand lenses in alluvial fan deposits in this study makes meaningful statistical comparison with samples from the more poorly sorted sheetflood deposits difficult. However, our results suggest that sheetflood deposits are more likely than sand lenses to produce D e distributions with significant skew, kurtosis or OD (Fig. 7 and Table 2 ). Three of seven sand lens samples, or 43%, (excluding samples from the East Fork Big Lost River Terraces, which have different lithology) have significant skew, kurtosis, or OD while 14 of 25, or 56%, of sheetflood samples have significant skew, kurtosis, or OD. The most probable explanation for this difference is the greater influence of grain-size dependent heterogeneity in the beta dose rate for the sheetflood gravels compared to the more homogeneous sand lenses.
In addition to grain-size and lithologic influences, accumulation of pedogenic carbonate can also produce differences in microdosimetry (e.g. Nathan and Mauz, 2008) . While care was taken to avoid collecting samples from locations with carbonate accumulation, the inclusion of clasts with thin, discontinuous coatings was often unavoidable as carbonate accumulation was observed to depths exceeding 3 m (the base of excavated trenches). Grains in areas with more significant carbonate accumulation would likely experience a decrease in dose rate through their burial history due to the diluting effect of low dose-rate carbonate.
Given the absence of strong evidence for partial bleaching, we did not use the minimum age model (MAM; Galbraith et al., 1999) in age calculations. Instead, a weighted mean using the central age model (CAM) of Galbraith et al. (1999) was considered the most appropriate method for analysis of samples with broad D e distributions and significant OD or kurtosis.
6. Results and discussion 6.1. Analysis of resulting OSL age estimates OSL age estimates from LRR alluvial fans and two terraces of the East Fork Big Lost River suggest deposition between w4 and 120 ka (Fig. 8 ). Despite differences between samples in the grain-size fraction analyzed for dose-rate calculation, the resulting ages produce internally consistent results that preserve geomorphic and stratigraphic order. Where multiple samples were collected from a single site, the resulting ages are in good agreement. For example, samples were collected from depths of 1.6 m (USU-650) and 2 m (Arnold et al., 2007) . Samples from sheetflood deposits are more likely than those from sand lenses to have significant skew, kurtosis, or OD, likely due to increased grain-size dependent heterogeneity in the beta dose rate (Section 4.4).
(USU-649) at site 22 (Fig. 9a ) on Ramshorn fan (Fig. 2b) . Dose rates for both samples are derived from bulk sediment samples. While resulting central ages suggest a minor age reversal (25.0 AE 3.6 ka over 23.2 AE 2.9 ka), the ages are within error, as expected for samples from similar depths. A second example comes from site 4 on Birch Springs Fan where four OSL samples were collected (Fig. 9b ). Bulk samples for dose rate analysis were not collected, so all dose rates at this site are based on the <2 mm fraction. Resulting ages are w26e31 ka and are in good agreement with each other and samples from the Qaf 3 geomorphic fan surface (and Qa 3 alluvial fill) elsewhere ( Figs. 8 and 9b) .
Agreement in age estimates for samples collected from different locations on the same fan surface also suggests that OSL dating performs well for these deposits. For example, the single large surface of the Willow Creek fan was sampled in two locations (USU-412, site 1; USU-413, site 2; Fig. 2a ) with good agreement in the resulting ages (14.4 AE 3.9 ka and 13.9 AE 4.0 ka, respectively), using the <2 mm fraction for dose-rate determination. Three samples from different locations of a younger surface of Upper Cedar Creek fan (Qaf 1 , USU-251 at site 7, USU-417 at site 8, and USU-419 at site 9; Fig. 2c ) all produce Holocene ages between 4 and 9 ka. One sample was collected by tube from a thick sand lens (USU-251) and the other two excavated from thin sand lenses (Table 2) , all used bulk sediment for dose-rate analysis. Three samples from an older surface of Upper Cedar Creek Fan (Qaf 3 , USU-299 and USU-300, site 11; USU-301, site 13) all return ages between 23 and 26 ka (dose-rate analyzed from bulk sediment collected from coarse sheetflood deposits). Finally, age estimates for two samples from a single surface of King Canyon Fan (Qaf 2 , USU-422, site 24; USU-655, site 25; Fig. 2b ) are in good agreement (13.9 AE 4.0 ka and 13.2 AE 2.3 ka, respectively; Table 2 ) despite differences in the grains sizes used for dose-rates estimates (<2 mm for USU-422 and bulk sample for USU-655; Table 1 ).
Despite overall consistency of OSL ages with the geomorphic and stratigraphic relationships, at site 14 on Upper Cedar Creek Fan there is an age reversal (Fig. S4 ). Two samples (USU-416 and USU-302) collected from a 30 m exposure show reasonable agreement in resulting ages (116.1 AE 20.6 ka and 95.8 AE 11.2 ka) but central ages are reversed based on the stratigraphic relationship. Analysis of sediment chemistry for dose rate estimation suggests a problem with U/Th disequilibrium for USU-416, as identified by a low Th:U ratio. While the greater D e of USU-302 is consistent with its stratigraphic position as the older sample, potential dose-rate disequilibrium in USU-416 likely produces the reversal in age estimates.
Comparisons to external age control
The overall geomorphic and stratigraphic coherence of OSL ages indicates that they are internally consistent. However, comparison with independent ages is required to identify possible systematic errors such as those related to dose rate estimation. Independent age control is available at site 9 on Upper Cedar Creek Fan (Fig. 2 ) where sediment exposed in an incised channel revealed a 3e4 cm thick tephra deposited 1 m below the modern land surface (Fig. 10) . The tephra was overlain by pebble-cobble gravel sheetflood deposits capped by the modern soil. Loess accumulation and infiltration reached 22 cm depth and pedogenic carbonate accumulation was at developmental stage II (e.g. Giles et al., 1966) . Immediately below the tephra was a buried soil, characterized by increased silt to fine sand that decreased with depth into distinct sheetflood deposits. This resembles modern soils in which loess accumulates at the surface and mixes to some depth with the underlying gravels. OSL sample USU-419 was excavated from this buried soil 20 cm below the tephra and dose rate was determined from a bulk sample of the surrounding sediment. Samples of the tephra were analyzed by electron microprobe (Washington State University) and ICPeMS analysis (Boise State University) for provenance. Results indicate the tephra originated from the 7627 AE 150 cal yr BP (Zdanowicz et al., 1999) eruption of Mt. Mazama that formed present-day Crater Lake in Oregon, USA (w700 km west of the LRR). The resulting OSL age of 9.86 AE 1.16 ka is consistent with the tephra age and the stratigraphic position of the OSL sample below the tephra and soil horizon. Although this OSL sample was collected from a buried soil rather than unaltered fan gravels typical of other LRR samples, the deposit still contained a highly heterogeneous grain size distribution and the results confirm the applicability of OSL dating to these deposits.
Rough age estimates for the timing of fan-surface stabilization have been determined from the thickness of pedogenic carbonate coats on the undersides of clasts within soil profiles at some sites (Pierce and Scott, 1982; Vincent et al., 1994; Patterson, 2006) . Measured coat thicknesses and limited U-series dating in the southern portion of the LRR (Pierce, 1985) suggest an average accumulation rate for pedogenic carbonate coats in the LRR of 0.06 mm/10 ka. Based on this accumulation rate, Pierce and Scott (1982) estimated late Pleistocene deposition for many LRR fan surfaces. Patterson (2006) applied the same accumulation rate to place the timing of surface stabilization at 28 AE 20 ka for sites 11 and 13 on Upper Cedar Creek Fan (Qaf3). This timing is consistent with the OSL ages from these sites of 23.6 AE 3.3 ka (site 11, USU-299), 27.2 AE 3.7 ka (site 11, USU-300), and 26.3 AE 3.6 ka (site 13, USU-301). Although the uncertainty on the carbonate-coat derived ages is too large to provide a rigorous assessment of our OSL ages, the two methods do show good agreement.
U-series results
In coarse alluvium, the initial stages of pedogenic carbonate accumulation include formation of coatings on the undersides of gravel clasts. Such clast-coatings, if dense and relatively free of contamination by detritus, can be suitable for U-series dating (e.g., Ku et al., 1979; Pierce, 1985; Ludwig and Paces, 2002) . Datable thicknesses of clast-coatings may accumulate in 1 ka or less (e.g., Blisniuk et al., 2012) . Therefore, U-series dating of carbonate coatings provides a minimum estimate of the depositional age of host LRR fan-gravels. Below, we compare U-series and OSL dates from two sites on LRR alluvial fans. U-series results are reported in Table 3 and plotted in Fig. 11 .
On the Ramshorn fan at site 19, we dated seven clast-coatings by U-series from four different soil horizons (BW, Bk1, Bk2, and Bk3). One sample from the BW horizon (RH2-1BW) was rejected because it yielded a highly imprecise age estimate (43.9 AE 13.4 ka) due to a large detritus correction. The remaining six samples from three soil horizons at this site yield preferred ages of 10.2 AE 2.4 ka to 18.4 AE 5.6 ka. The weighted mean of these results is 12.8 AE 1.1 ka (2s error, n ¼ 6, MSWD ¼ 2.9). The mean U-series age is in good agreement with the OSL age from the same trench of 15.6 AE 5.0 ka (USU-306) (Fig. 11a ). The older OSL age of the deposit and younger U-series age for pedogenic carbonate precipitation indicates that surface stabilization and/or soil development could have begun very quickly or up to 10 ka after sediment deposition. We note that this OSL age was established from an alluvial sheetflood deposit using a dose rate determined from the average value of the sand sized fraction. The concordant OSL and U-series ages suggest no systematic bias between techniques.
On the Birch Springs fan at site 6, six U-series samples give preferred ages of 2.3 AE 13.2 ka to 23.6 AE 5.2 ka. The oldest three ages, 19.2 AE 8.6 ka, 21.5 AE 3.0 ka, and 23.6 AE 5.2 ka, are in mutual agreement and their weighted mean age is 21.8 AE 2.4 ka (n ¼ 3, Fig. 10 . Stratigraphy of site 9 on Upper Cedar Creek fan showing Mazama tephra overlying a buried soil developed in alluvial gravels. OSL results for USU-419 (excavated at night, dose rate from bulk-sediment analysis) are consistent with the age of the overlying tephra (Zdanowicz et al., 1999) and a period of soil formation between deposition of the alluvial gravels and the tephra. MSWD ¼ 0.43). The U-series age is significantly younger than the age of OSL sample USU-704 from the same site (47.3 AE 4.6 ka), which was determined on sheetflood gravels using a dose rate from a bulk sample (see Fig. 11 ). We note that an age of 22 ka for this Qaf 4 surface is inconsistent with its relative geomorphic position (see Figs. 2 and 11b ). In this case, we speculate that (1) the U-series age reflects surface erosion and a younger period of soil formation, or (2) that early-formed carbonate was not preserved or was not sampled at this site, or (3) the effective averaging of sub-millimeter younger carbonate coating laminae with older laminae in each sample produce younger apparent ages for the coats.
Fill-cut terraces identified through OSL dating
In three locations OSL ages from geomorphically lower surfaces produced older ages than samples from geomorphically higher surfaces. These situations are most logically explained as instances of fill-cut terrace formation, or alluvial straths, in which vertically stacked deposits are incised and older deposits are exposed at depth under younger fan channels (Fig. 11 ). Morphology of LRR fans indicates that they are stacked fans where deposits have accumulated vertically rather than in an inset and telescoping manner. We interpret that one alluvial strath is located in a small incised channel on the Ramshorn fan at site 18 ( Figs. 2b and 11a ). The geomorphically higher surfaces produced OSL ages of 15.6 AE 5.0 ka (site 19, Qaf 2 ) and 23.2 AE 2.9 ka and 25.0 AE 3.6 ka (site 22, Qaf 3 ), but the geomorphically lower inset channel surface of site 18 produces a much older OSL age of 39.6 AE 12.8 ka (USU-305). This inset channel is interpreted to be an alluvial strath surface cut into the older fill deposits (Qa 3 ) underlying the Qaf 3 surface elsewhere on the fan (Figs. 2b and 11a ). Such alluvial straths are common in alluvial fan and fluvial terrace sequences, where they are commonly called fill-cut terraces (e.g. Schumm, 1977) .
OSL ages suggest the presence of a second alluvial strath surface at site 5 on the Birch Springs Fan where, despite a w12 m height difference between site 5 (inset fan surface) and site 6 (Qaf 4 fan surface), OSL samples produce similar ages of 47.0 AE 5.5 ka (site 5, USU-703) and 47.0 AE 6.5 ka (site 6, USU-704) (Fig. 11b ). These similar OSL ages (both calculated using bulk sediment for dose-rate analysis) suggest rapid aggradation of the Qa 4 fill w47 ka, with later incision to form the alluvial strath upon which site 5 sits. A third probable alluvial strath occurs on the King Canyon Fan at sites 23, and 26 ( Fig. 11c ). Samples collected from the geomorphically higher surface of sites 24 and 25 (Qaf 2 fan surface) produced OSL ages of 13.9 AE 4.0 ka and 13.2 AE 2.3 ka, respectively, while a sample from site 26 from the inset Qaf 1 surface produced an age of 20.8 AE 2.7 ka (USU-656) with little evidence of partial bleaching. Site 23 sits on the same geomorphic surface as site 26 but produces an age of 8.1 AE 0.7 ka. This sample was collected at only w1 m depth from a finer-grained unit and is interpreted as a thin and younger deposit capping the alluvial strath.
Problems with OSL samples such as partial bleaching or dose rate heterogeneity could potentially produce age reversals as well. However, as discussed in Section 5.4, D e distributions do not indicate significant problems with partial bleaching (i.e. significant positive skew). Dose-rate heterogeneity would likely produce ages with greater uncertainty due to increased variability in D e estimates rather than entirely inaccurate ages. However, inaccurate ages may result from samples where dose-rate estimates were not based on bulk sediment samples. At Ramshorn Fan, the OSL sample from site 18 on the alluvial strath does indeed lack a bulk sample for doserate estimation. As discussed in Section 5.3, dose rates based on bulk sediment samples produce lower dose rate estimates and thus older estimated ages than dose rate and age estimates based on only the <2 mm grain size fraction (Fig. 4 ). This suggests that Excluded from calculation of weighted mean due to low precision or result is an outlier.
consideration of a bulk sediment sample for dose rate estimation at site 18 would produce an age >39 ka, but an older age would not change our interpretation of this surface as an alluvial strath ( Fig. 11a) . At King Canyon Fan, we lack a bulk sediment sample for dose rate estimation for site 24, suggesting that the OSL age of 13.9 AE 4.0 ka may be an underestimate. However, the OSL sample from site 25 is located on the same surface as site 24 (Figs. 2b and 11c) produces an age in good agreement of 13.2 AE 2.3 ka and was calculated with a dose rate based on a bulk sediment sample. In our view, the ages from these three locations are most readily explained by the presence of an alluvial strath causing old deposits to be exposed on a young geomorphic surface. Fig. 11 . Illustration of the geomorphology and alluvial stratigraphy of (a) Ramshorn, (b) Birch Springs and (c) King Canyon alluvial fans. Relative positions of surfaces are shown but illustrations are not to scale. OSL ages from fan deposits and U-series ages of pedogenic carbonates are shown. Alluvial straths were inferred from OSL age estimates. These alluvial straths were formed through incision into older deposits that were subsequently sampled for OSL dating, producing an anomalously old age for a geomorphically lower surface. DR ¼ dose rate.
Conclusions
The major goals of this study were to (1) investigate heterogeneity in the dose-rate contribution of different grain-size fractions, (2) examine potential sources of skewness, kurtosis, or overdispersion in D e distributions for coarse-grained deposits, (3) compare OSL ages for timing of deposition with U-series ages for timing of surface stabilization, and (4) assess the reliability of age estimates using independent ages and stratigraphic relationships. Pertaining to the first goal, our results suggest that optical dating can be successfully applied to coarse-grained fluvial deposits that lack sand lenses. Sampling strategies that do not involve sample tubes can easily be devised, but dose-rate estimates may require more consideration due to sediment heterogeneity. For LRR alluvial fans, results show that the <2 mm portion contributes more to the dose-rate than the coarse fraction and, due to this heterogeneity, bulk samples with all sizes present in correct portions were considered to give the best estimates of dose-rate. Further, this sediment heterogeneity likely contributes to significant skewness, kurtosis, and overdispersion that characterized 56% of the D e distributions for coarser, sheetflood deposits (the second goal). While success of the U-series dating was limited to two sites, the resulting OSL and U-series ages at these locations were in agreement, supporting the applicability of OSL dating to coarser deposits that lack sand lenses. We accomplish the fourth goal by identifying six periods of fan aggradation over the last 120 ka. Resulting ages show good agreement with the known age for an identified ash layer and good reproducibility for individual exposures and fan surfaces. Other users who wish to apply optical dating to similar coarsegrained deposits may also want to analyze several grain sizes as well as bulk samples to identify dose-rate heterogeneity. This study provides an improved understanding of the extent to which dose rates are influenced by grain-size distributions, and therefore, augments the ability of future researchers to apply OSL techniques to coarse-grained deposits.
